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In terminating the study of the adaptation of the engine to the air- 
plane, wo will examine the problem of the turbo-compressor, the first 
realization of which dates from the war; this will form an addition to 
the indications already given on supercharging at various altitudes. 

We will begin by giving the experimental results at present determined 
relative to the influonco on the power of a back pressure at the exhaust 
greater or less than the pressure in the admission manifold. 

This subject is of great importance for the application of the turbo- 
compressor worked by the exhaust gases. As a matter of fact, a compressor 
increasing tho pressure in the admission manifold may be controlled by th© 
engine shaft by means of multiplication gear or by a turbine oporatod by 
the oxhaust gas, Assuning that the increase of pressure in tho admission 
manifold is the same in both cases, the pressure in tha exhauBt manifold 
would be greater in tho case in which the compressor is worked by the ex-* 
haust gas and there would result a certain reduction of engine pow>r which 
wo must be abl3 to calculate. On the othor hand, if the compressor is con- 
trolled by the engine shaft, a certain fraction of the oxcass power sup- 
pliad is utilizod for the rotation of the compressor. In order to compaii 
the two systoms, it is therefore necessary to dat_»rmim the value of tho 
reduction of powor due to back pressure whon the turbine is employed, 

THE INFLUENCE OF BACK PRESSURE AT THE EXHAUST ON THE POWER. 

A sjries of tests has been made with a 220 HP engine, 1,600 r.p.m. wat- 
er circulation, 12 cylinders 114 x 139, volunotriic ratio 4,?, At the outlet 
of the exhaust pipe this engine was fitted with a throttle valve, so that 
the positive back pressure could be regulated as desired, Tho negative back 
pressures were obtained by connecting the exhaust with a doprossion chambjr. 
In thosj tosts tho air. admitted was at tho tempDraturo and pressure of the 
atmosphere, tho carhurotter inljts opening direct into the surrounding air» 

The general conclusions drawn from those tests wore as follows: 

1st, If the pressure in the inlot manifold bo raised abovrj the 
pressure in the exhaust manifold, the effoct is an increaso of powsr in 
direct proportion to tho excess of inlet pressure over exhaust pressure. 
It is practically independent of the speed of the engine. 
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2nd. If the pressure in the inlet manifold be maintained at 
the normal atmospheric pressure on the ground, the exhaust pres- 
s-ore being below it, as in the case of the ccnrpressor worked by 
the crankshaft, the percentage of increase of power with respect to 
that on the ground is given pretty accurately by 18p, p being the 
excess of pressure in the inlet manifold over the pressure in the 
exhaust manifold, expressed in kilograms per square centimeter. 
It should be remarked that the results vary slightly according to 
the type of engine and even with engines theoretically identical* 
The reason is probably to be found in differences in the regulation 
of the valve gear, 

3rd, A positive back pressure at the exhaust reduces power 
more than a corresponding negative back .pressure increases it. 
As the back pressure increases, the effect becomes rapidly more 
marked . The mean results of tests made on two engines of the same 
type, gave in percentage a loss of power equal to 18p + 34p s , p 
being the excess of pressure in the exhaust over that in the admis- 
sion, expressed in kilograms per square centimeter . 

Tests on engines of other types have shown that results differ 
notably with different engines. 

The very marked effect of a positive back pressure, even a 
comparatively small one, probably arises from the fact that, when 
the exhaust pressure is appreciably greater than the admission 
pressure, non-escaped exhaust gas remains under pressure in the cyl- 
inder. When the admission valve opens, this gas deteriorates the 
mixture in the admission manifold. In the extreme case in which 
the carburetor might be affected by such a counter-stroke, the ef- 
fect might be to expel the gasoline. 

The effect produced depends partly on the compression ratio 
and on valve adjustment, but more especially on the shape of the 
inlet manifold. 

4th. Increase of pressure in the inlet manifold or of nega- 
tive back pressure in the exhaust, improves the volumetric effic- 
iency by reducing the proportion of exhaust gas remaining in the 
cylinder. The consumption of gasoline per h.p./hour may be slightly 
reduced in consequence. 

Thus, for a normal consumption of 230 grammes, vse have noted 
a specific consumption of 220 grammes with a back pressure of -0 kg. 
600. 

A positive back pressure has the contrary effect. A back 
pressure of -+0.500 kg. raised the specific consumption to 350 grs. 

5th. Increase of pressure in the admission manifold increases 
thermic efficiency and reduces the proportion of heat carried off 
by the water circulation. This point is of great interest in de- 
signing radiators for supercharged engines. 

We may admit that the total amount of heat to be evacuated by 
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the radiator is constant for all negative bade pressures, the ratio 
of this quantity to the calorific equivalent of the power dimin- 
ishing as the negative hack pressure increases. 

Pig. 393 (p. 876 of original text) gives the results of teste 
mads on two engines of the same type. 

.APPLICATION. - Let us consider an engine fitted with a compressor 
which, at all altitudes, maintains the pressure in the admission 
manifold equal to the normal pressure on the ground level. With the 
foregoing figures, the power developed will be greater than the 
power on the ground level by 18p % of this power, p being t the 
difference between the pressure in the admission and exhaust mani- 
folds, expressed in kilograms per square centimeter t 

The Bateau device, presenting a turbine driven by the exhaust 
gases, prbvides for the maintenance of pressure in the admission 
and exhaust manifolds at the pressure on the ground level, thus 
keeping ug the power of the engine. In this case, the power devel- 
oped by the engine at a given altitude will be less by 18p $ ft«f 
its value than the power which would be developed at the same alti- 
tude if the engine were fitted with a compressor operated by multi- 
plication gear. 

We will consider the 220 BP engine used in the tests previously 
mentioned, and the altitude of 4,000 meters for which the relative 
atmospheric pressure is 0.61. With the turbine worked by exhaust 
gas, the engine wov&d give a horsepower of 220, equal to that on the 
ground level. With the compressor worked by multiplication gear, 
which also maintains the intake pressure at the level of the pres- 
sure on the ground, we shall have a negative back pressure at the 
exhaust p = 1 - 0.61 = 0.39, whence; a gain of power of 18 x 0.39 - 
7 $ of the power on the ground level', that 3s, 0,07 x 220 = 15 
horsepower. The power developed wouJLd thus be 235 HP instead of 
220 as in the first case. To obtain the effective power, ws must 
deduct that required for the control of the compressor, that is, 
14 horsepower according to measurements made on the bench. 

The available power is thus the same in both cases and no rea- 
son indicates a priori that one solution is better than the other. 



THE PROBLEM OP THE TUBE0-C0MP2ESS0B. - The object of the Bateau 
turbo-compressor, realized during the war, is to re-establish in 
the carburetor, up to an altitude of 5, 000. meters, the atmospheric 
pressure on the ground level, the exhaust gases being evacuated 
into a chamber in which the pressure is practically the same as 
on the ground level. The conditions of flight near the ground will 
thus be re-established up to 5,000 meters. 

We will call p 0 the atmospheric pressure on the ground level, 
and p z the atmospheric pressure at the altitude Z. The exhaust 
gas escaping into a chamber in which the pressure is the same as 
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on. the ground level, the remaining calories are utilized for turning 
a single-rotor, axial flow turbine, the exhaust gas expanding in 
this driving turbine from the pressure p Q to the pressure p z . 

The turbine is coupled directly to a centrifugal compressor 
which compresses^he air charging the carburetor, making it pass 
from the surrounding pressure p z to the atmospheric pressure on 
the ground level, p Q . 

IN SHORT, the energy corresponding to the expansion of the ex- 
haust gas from p 0 to p z through the driving turbine, is utilized 
in a centrifugal compressor to make the inlet air pass from a press- 
ure of p z to a pressure p Q . 

The problem being thus stated, it remains to be seen whether 
the energy which can be collected by the turbine is sufficient to 
obtain the integral compression of the air admitted to the carburetor. 



EXPANSION - OF THE EXHAUST GASES. THROUGH A CONVERGING NOZZIE. 

We would recall the principles relating to the flow of gas 
through a nozzle » The flow of gas through a non-diverging nozzle 
depends only, outside of the coefficient of contraction, on the 
ratio p/P of the leeward pressure p to the windward pressure P, 

1st. p/P > 0.53. 

If the leeward pressure p is greater than 0.52 P, the rate 
of flow depends on the ratio of the pressures and increases as 
this ratio decreases. The pressure of gas at the outlet of the 
nozzle is equal to the leeward pressure. 

2nd. p/P = 0.52. 

If the leeward pressure p is equal to 0.53 P, the rate of flow 
reaches its maximum value at the velocity of soxind in the gas con- 
sidered for the pressure 0.52 P. The pressure at the outlet is equal 
to the leeward pressure . 

In the two cases just considered, the gas may expand completely 
in a converging nozzle. 

3rd. p/P . < 0.52 

If the leeward pressure p is less than 0-52 P, vthe expansion 
cannot descend lower than the limit value 0-52 P. The pressure of 
gas at the neck is greater than the leeward pressure p and is 
equal to 0.52 P. At its outflow, the fluid then, penetrates into a 
medium of which the pressure p is less than its own pressure 0.52 P. 

There . results a sudden expansion and the stream of gas 
issues making a loud noise. 



The rate cf flow is eg.ua! to the velocity of sound in the fluid, 
and the output depends entirely on the windward pressure P» 

In order that there may he complete expansion in this case, 
the nozzle must be" first converging, then diverging, and the speed 
at the outlet may then reach considerable values. 

APPtlCATIQN TO THE TUKEQ-CQMPBESSOS. - The dif fuser of the Bateau 
turbine is formed of converging nozzles ; the above considerations 
may, therefore, be applied to it. 

The ratio P z /p 0 is practically equal to 0-52 at an altitude of 
5,000 meters. Under these conditions, assuming that windward 
pressure must remain constant and equal to the atmospheric pres- 
sure p 0 on the ground level, there will be two cases of function- 
ing to consider. 

1st. FEOM 0 to 5,000 METERS: p/P = p z /p 0 > 0*52. - The 
exhaust gases expand completely through the dif fuser. The speed 
and output of gas, as well asthe efficiency of the turbine, in- 
crease with altitude. 

2nd. 5)000 METERS: p/p »p a /p 0 . < 0.52, - On leaving 

the dif fuser the exhaust gas is expanded only up to a pressure of 
0*52Pi Complete scansion only takes place after, the passage of 
the fins at the turbine exhaust valve. 

This part of the expansion is lost, efficiency is lowered. 
In this case we shall either take a windward pressure equal to p D , 
and, consequently, incomplete expansion, or we shall be satisfied 
with a windward pressure P «= Ps , in order to keep complete ex- 

0.52 

pans ion. In any case, the power supplied by the engine will be 
reduced at altitudes above 5,000 meters. 

CONCLUSION. - With the single-rotor turbine and converging nozzle 
the exhaust gas can be completely utilized at ground level pres- 
sure only up to an altitude of 5,000 meters. 

For higher altitudes, a converging-diverging nozzle must be 
used, involving either turbines of greater rim speeds or the adop- 
tion of a multiple rotor turbine. 



ESTIMATION OF RECOVERABLE ENERGY IN EXHAUST GASES. ~ We will take 
the case of complete expansion when p a /p 0 =0.52, that is, at the 
altitude of 5,000 meters, and will estimate the available energy 
corresponding to this expansion for 1 kilogram of gas. 



We will call: 



THE ABSOLUTE TEMPS35ATUEE OP THE GAS IS SHOOT OF NOZZLE, that 
is, the temperature in the exhaust manifold. From measurements taken 
direct, we may admit a temperature of 700° C, whence T x = 973. 

Tg, THE ABSOLUTE TEMPERATUBE TO BEAR OF NOZZLE. 

Y , RATIO OF SPECIFIC HEATS; as the mean valve for expansion 
we will adopt the figure 1.293. 

By the adiabatic law we have: 

T 2 /p_\ Z - I 0.226 

(1) ^1 = iPo/ r = °' 52 = 0.863 

From this we deduce T 2 = 840, whence a fall in temperature 
Tj - T 2 s 133° C« 

The kinetic energy brought to the rotor by the gas after ex- 
pansion in the nozzle is 2£ , V being the velocity of the gas. 

2g 

If C is the specific heat of the gas at constant pressure, we know, 
by formula (44) ofC&apter II on Thermodynamics, that this available 
energy corresponding to the adiabatic expansion considered, is 
expressed in calories. 

(2) Q * CCTj - T s )« 

We will take for C the value of the specific heat of the ex- 
haust gas at 600° C, that is, C = 0.3075, whence : 

(3) Q, = 0.3075 x 133 = 41 calories. 

Admitting a loss of 5$, there remains an energy of 0.95 x 41 = 
39 calories or 425 x 39 = 16,575 kilogrammeters. 

Consequently, an output of 1 kilogram of gas per second would 

give rise to a power of ^ 6 »5 7 - 5 * 221 horsepower. 

75 

If we now take fL as the efficiency of the turbine, the energy 
available on the shaft for actuating the compressor will be, in 
kilogrammeters: 

(4) E = 16,575 /J. 

The fall in calories being 39, the rata- of flow of the gas at 
the Outlet of the nozzle, will be given by the f ormulai 

(5> x 3 = 2g x 425 x 39 

whence 

(6) x = 91.3 V 39 - 570 meters per second. 



Counting on a loss of speed of about 2$> by friction, we fin- 
ally obtain a speed of 558 meters per second. 



THE COMPRESSION STRESS OF THE AIR AJMITTED TO THE CARBURETOR. 

Wa know that 15 grarnmes of air are required for consigning 1 
grannie of gasoline. In order to obtain 1 kilogram of exhaust gas 
ws must therefore have 15 «= 0.940 of air. Let us assume a 

IS 

leakage of 10$ in the pipes. For 1 kilogram of exhaust gas, we 
must thus compress 1.034 kgs. of air. 

The compression, assumed to be adiabatio, is effected by means 
of a centrifugal fan. 

The initial absolute pressure and temperature of the air are 
those of the atmosphere, that is, p z and T z ; the final pressure 
and temperature are p 0 and T 0 . p 0 should be practically equal to the 
atmospheric pressure on the ground level. 

We will take y = 1.4 as ratio of the specific heats C/c. 
We shall have: 

(7 ) T^ = /p„1 T- 1 _ /t>_\ 0.39 



■ft) ' -ft) 



For the altitude of 5,000 meters previously considered, we may 
admit a surrounding temperature of -13 whence 

T z = 273 - 13 = 260. 
\ 2o 

Then by substituting @g£~ for — we have: 

(8) T 0 ■ 1.21 T z = 315 

that is, a temperature of 12° 0. We thus obtain an increase of tem- 
perature: 

(9) T - I a 55° 

o z 

Let us now take as a basis 1 kilogram of air. The kinetic energy 

_2 

— of the air at the outlet of the centrifugal fan is transformed 
2g 

into pressure. By equation (43) of Chapter II on Thermodynamics, 
the evolution being assumed adiabatic, the energy correspoxKiing to 
this kinetic energy is, in calories: 

(10) 0/ « C(T C - T s ) 

C = 0.24 being the specific heat of the air at constant pressure. 
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Q 1 represents the compression work of the fan; it is, with the 
figures assumed, 0-24 x 55 = 13.2 calories, that is, 425 x 13.2 = 
5,610 kilogranmeters. 

But, as the weight of the ai* to be considered per kilogram 
of exhaust gas is actually 1.034 kg., we shall have to consider tno 



(11) E* = 1.034 x 5,610 : 5,800 kilogranmeters. 

With an output per second of 1 kilogram of exhaust gas giving 
221 horsepower, the power utilized for compressing the equivalent 

Wight of the air admitted would be ^~T~ = 77 * 4 Hp - 

If P y stands for the efficiency of the fan, the energy re- 
quired for its rotation will be, in kilogranmeters: 

(12) 2= 

BEQUIEED EFFICIENCY OE THE TURBO-COMPEESSOR SET. - Making express- 
ion (4),j?|fi'gy supplied by the turbine, equal to expression (12) , 
*n*rg7absor bed by the fan, we have finally: 

(13) 16,575 /° = ^2 



v 



The product = ^ is the overall efficiency of the ayatom 

We thus obtain the required condition: 

(X.) /O- /» /» -jtgg- =0.35. 

maintain 

This requires the turbine to " an efficiency of 0.64, 
assuming that the compressor has an efficiency of 0.55. 

It appears that at the present time we cannot count on a tur- 
bine efficiency, /£, greater than 0.53, and therefore, with a 
compressor efficiency /~ = 0.55, not on an overall efficiency of 
more than 0.29. 

In the tests made on the Breguet 14 A« with Renault 300 HP en- 
gine, it was not found possible to re-establish ground level pres- 
sure in the carburetor at an altitude of 5,000 meters. It has been 
shown by calculation that, in ord^er to obtain this result, very 
careful adjustment is necessary and also special care in reducing 
losses to a minimum. 



Still placing ourselves in the conditions of an altitude of 
5,000 meters, let us now seek the value of the pressure p Q which 
we say hope to obtain in the carburetor with an overall effic- 
iency /° = 0.29 of the set corresponding, say, to /J = 0*53 for 
the turbine and to = 0.55 for the fan. 
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We will still assure the sans available energy of 16,575 kilo- 
grammeters in. the exhaust gas per kilogram of gas consumed. The 
force utilised for compressing the corresponding weight, 1.034 kg., 
of air admitted, will he 0.29 x 16,575 = 4,800 kilogr ammeters, that 

4„ 800 4 650 

is, 3^034 88 4 » 650 kilogranmeters or ^> 5 = 10.94 calories per 

kilogram of air. 

T 0 being the final absolute temperature of the air and T z its 
initial temperature equal to the atmospheric temperature , the ener- 
gy Utilized in compressS.dn is, in calories, C(T o - T z ), C = 0.34 
representing the specific heat of the air at constant pressure, 
Prom this we can immediately deduce the rise in the adiabatic tem- 
perature : 

(15) T 0 - T a * s 45.60. 

As before we will take a surrounding temperature of -13° giv- 
ing T z - 360, whence: 

z 

The ratio between the final pressure p and the initial 
pressure p z , which is the atmospheric pressure , is then given by 
the adiabatic formula in which T = 1.4 is the ratio of specific 

The atmospheric pressure at 5,000 meters being 407 millimeters 
of mercury, we shall have re-established in the carburetor a 
pressure of only 407 x 1.758 = 716 millimeters of mercury instead 
of the ground level pressure equal to 760 millimeters of mercury. 

Assuming that a pressure of 760 millimeters has been main- 
tained to windward of the turbine, we shall have a positive back 
pressure at the exhaust of 760 - 716 = 41 millimeters of mercury, 
that is, 0.05 kg, per square centimeter. From what we have seen 
in studying back pressure at the exhaust, there is a resulting loss 
of engine power of about 1,2$ with respect to the power it would 
supply if the pressure at the exhaust valve were 716 millimeters 
as at the inlet valve. 



GENERAL FORMULA. OF THE TURBO -COMPRE S SOR . - In order to summarize 
the preceding statements, we will deduce from them the general form- 
ula of the turbo- compressor theory. 

Notation: 
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T^, Absolute temperature of exhaust gas to windward of 
the 4 if f user. 

T 2 , Absolute temperature of exhaust gas to leeward of 
the diffuser. 

p Q , Pressure of exhaust gas to windward of the diffuser, 
to be maintained at ground level pressure. 

P 2 , Pressure of exhaust gas to" leeward of the diffuser, 
equal to atmospheric pressure, expansion being as- 
sumed complete. 

T z , Absolute temperature of atmospheric air. 

T Q , Absolute temperature of air after compression. 

P e , Pressure of air after compression, to be maintained 
equal to pressure on ground level. 

/ t , Efficiency of turbine. 

P^, Efficiency of fan. 

, Efficiency of turbo - compressor set. 



Taking 1.293 as ratio of the specific heats of the exhaust 
gases and 1„4 for the inlet air, we haves 



(18) 
(19) 



t i ~ U/ 



The specific heat C at constant pressure is taken as equal to 
0.3075 for exhaust gas and to 0.24 for inlet air. 

At the outlet of the nozzle the energy of 1 kilogram of ex- 
haust gas completely expanded is: 



(20) 0(0^ - T 2 ) = 0.3075 T^ 11 - 



(p \ 0.226 



The energy utilized for the compression of the corresponding 
weight, 1.034 kg., of inlet air, is of the value: 



(21) 1.034C(T o - T z ) = 1.034 x 0.24T. 




0.29 



- 1 



ejasrgj L eSislgy 

Putting the if-jxnaac supplied by the turbine as equal to the sSassBZ 
absorbed by the fan, we have: 



(22) ^0.3075^ 




0.236 



0.248T, 




0.29 



- 1 



whence , finally, taking x = -2- : 
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(33) /°- P ¥ P =0.81 ** 



c 0.226 (x 0 - 29 - 1 ) 



Tj x 0,236 _ 1 

Such is the general formula giving the required efficiency P 
Taking as before : 
x a = 1.923, T a = 260, * 973, 

we find a required efficiency of 0.33 and, still as aiming about 5$ 
loss in the nozzle, we again find an efficiency of 0.35. 

THE EFFICIENCY OF THE TURBINE. - In the single rotor turbine 
which we are considering, the gas is completely expanded in the noz- 
zle and possesses, as «e have seen, a kinetic energy equal to the 
heat it has lost, and it is this energy which is transformed into 
mechanical force in the mobile rotor. TBS BET EFFICIENCY /%, is 
the ratio of the power on the crankshaft to that contained by the 
gas which has supplied it. 

Let /? be the INTERNAL EFFICIENCY or efficiency proper of 
the fins and /§, the EXTERNAL EFFICIENCY corresponding to the loss 
by friction of the disk on the gas and to loss in the thrust bear- 
ings; we shall have: 

(34) 

ESTIMATE OF THE INTERNAL EFFICIENCY - We would recall the graph- 

ical method invented by M_ Rateau, which consists in plotting on 
the same diagram the triangle of speeds at the inlet and outlet of 
the rotor, taking as modulus of the length soale the absolute veloc- 
ity V of the gas at the outlet of the nozzle. 

We will call: (See Fig. 394, p. 883 of original text) 



U, the rim speed of the fins. 

V, the velocity of the fluid at the outlet of the nozzles. 
Qr , the angle of injection of the fluid or outlet angle of the 

dif f user . 
/?, the outlet angle of the fins. 

Intersect the rotor by a median cylinder whose axis is the axis 
of rotation ana develop this cylinder; the extremity B of the 
fin system falls on the straight line XX T . The nozzles throw out 
the gas at a velocity V which we will plot in magnitude and direc- 
tion from the straight line XX* with which it forms the angle of in- 
jection CC • ffe obtain the vector which will represent the 
unit of length. On the other hand, the mobile rotor is given a 
driving speed AC = U which we have laid off on the line XX 1 . The 
relative velocity of the gas with respect to the rotor is, in mag- 
nitude , direction, and sense, the resultant of V and -U. 
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It is represented by the vector CB to which the mobile fin 
should be tangent in order that there may be no shock at the inlet. 
AOB is the triangle of speeds at the inlet. 

The losses by friction and by eddying in the fin system have 
the sole effect of reducing the relative speed by about 20$; at 
the outlet this speed is only V 2 = 0.8 V lf the condition of tan- 
gency at the inlet being assumed to be realized. 

From C now lead the vector CD equal to Vg and meeting XX* 
at the known outlet angle /Q . 

Then project SB in EE in a direction parallel to XX*. The 
value of the internal efficiency is: 

(25) /J = 2AC x IE 

the two lengths AC and EE being, as already said , estimated 
with 7 as unit of length. 

For the turbine fitted on the Renault 300 HP engine, the speed 
of rotation provided for is 25,000 r.p«m. with a mean diameter 
of 0.158 m. 

The rim speed U of the fins is thus 207 meters per second, 
and assuming for V the calculated value 7 = 558 meters/second, 

we find AC = §2J = 0*37. The angle of injection OC is 22° and 
558 

the outlet angle X? 35°. The diagram gives us EE = 0*95, from 
which, finally, /\ = 2 x 0.37 x 0.95 = 0.70. 

Taking an external efficiency of 0.80, the net efficiency 
will be fl = /J /J = 0.56. We may add that in the tests 
hitherto made me have not been able, owing to the care required 
to be taken of various organs, to keep a speed of 25,000 revolutions, 
and therefore the efficiency was below the mark. 

THE EFFICIENCY /J OF THE CENTRIFUGAL FAN. 

THE NET EFFICIENCY f% of the centrifugal fan is the ratio of 
the power: employed on the crankshaft to that which would be re- 
quired for obtaining compression pressure without loss and follow* 
ing the adiabatic cycle * In what follows we ignore the loss by 
radiation through the walls of the bodies of the apparatus. 

We wi 11 call /? THE INTERNAL EFFICIENCY corresponding to all 
losses resulting in additional heating of the air, and /° THE 
EXTERNAL EFFICIENCY corresponding to leakages and friction 6 in the 
thrust bearings. 



The overall efficiency will therefore be: 
(26) /O - /O £ 
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THE TRUE HEATING- 0? THE AIR AND INTERNAL EFFICIENCY P^* 
Calli 

T z , the initial *hsalute tempor'a.tuj» -of tbs air> «<iU&l to the 

atmospheric temperature . 
P z , the initial pressure of the air, equal to atmospheric 

pressure. 

T Q , the theoretic absolute temperature of the air after com- 
pression, corresponding to the adiabatic eycle, 
T* , the true absolute temperature of the air after compres- 
0 sion, 

P 0 , the pressure of the air after compression. 

0 w 0.24, the specific heat of the air at constant pressure* 

7= l,4,r&ti<y of specif io beats', there* ore Y - 1 ■ °*29* 

r 

As we hare seen, if the cycle were rigorously adiabatic and 
without loss, .the heating 9 a « T c - T z would be such that: 

,0.29 

(2?) 




But by the principle of the conservation of energy, internal 
loss of energy is shown as an additional heating of the air, so that 
the true heating 6 r * T f Q «* T z is greater than the theoretic adiabat- 
ic heating Q & i 

<S») 9 r = 9 a 

/P being a coefficient less than unity whioh is none other, as we 
shall show further on, than the internal efficiency. 



We ahall thus have: 

f, .0,29 

(29) T« -T = JL 

o z /©i 



-i 



/? is usually oomprosed between 0,60 and 0»70j according to measure-* 
ments made on the bench, 0,60 should be assumed for airplane centrifu- 
gal fans. 

In the case of a fan operating at an altitude of 5,000 meters » the 
surrounding temperature being -13°C or T z a= 260° absolute, and Po being 

equal to q~"j» i we obtain adiabatic heating 6 a » 55 , giving a z final 
temperature of 42P0, The real heating, still ignoring loss by radiation 
through bodies* will be Q t =*l55., = 92°, giving a final temperature of 
79°C. 0»60 
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The mechanical force supplied to the crankshaft PER KILOGRAM 07 
AIR and reduced by external losses* leakages, and friction in the 
thrust hearings, is utilised for three purposes;: 

1st. To produce compression of the air, which, if it took 
place adiabatically without loss or rad^iation, would require an 
amount of energy in calories; 

(30) q» = C & 

a 

This relation shows that the energy Q f is equivalent to the 
quantity of heat necessary for producing, at constant pressure, a 
rise in temperature equal to the adiabatic heating # a " 

2nd. To heat the air at CONSTANT PRESSURE by the quantity 
^r ~ B & i the difference between the real and adiabatic heating. 
This energy corresponds to the transformation into heat of all the 
internal losses of the apparatus: its value is 

(31) P = C( OJ 

3rd. To heat the exterior organs of the turbine by radiation 
and conductica* 

If there is no cooling by injection or water circulation, 
the amount of energy thus lost is negligible as compared with those 
previously mentioned . 

The total amount of energy supplied is therefore: 

(33) Q* + P = C £ a + C( 9 X - <9 a ) = C Q x 

and the internal efficiency is, by definition: 

C33; / i ~ Q* + P & T 

THE INTERNAL EFFICIENCY /f oIS THUS CLEARLY EQUAL TO THE RATIO 
BETWEEN THE ADIABATIC HEATING & a AND THE REAL HEATING # r « 

Lastly, introducing the coefficient of external efficiency, / 
we see that the force supplied to the shaft per kilogram of air will 
be , in calories : 



/v C 6L CT 

( 34 ) , . . _^ 



'i *e 'i 'e 



Pay 



0.29 

- 1 



n In the conditions of operating of the airplane fan, we may take 
f% = 0.93 to 0.95. 

We thus see that with an internal efficiency of 0 T 60, we may 
practically count on a net efficiency /%~ ^ 0.55. 
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EXAMPLE OP A TURBO- COMPRESSOR ADAPTED TO AN ENGINE. 

As an example we will take the Benault 300 HP 12 cylinders 
125 x 150, on which the Bateau turbo-compressor was fitted,. As be- 
fore, we will examine the question for an altitude of 5,000 m. , 
assuming for the turbine a net efficiency P t - 0.53 and for the 
fan = 0.55, that is, an overall efficiency of P= /O = 

0.29. 

We have seen that, under these conditions, we can re-establish 
in the carburetor a pressure of only 716 millimeters of mercury. 
The adiabatic rise of temperature given by formula (15) is - 
45. 6°, from which, with an internal efficiency of 0»60 for the cen- 
trifugal fan, a real heating & T = = 76°. 

The initial absolute temperature T z of the air being 260 at 
5,000 meters, its final real temperature will be T» 0 = 260 + 76 = 
336, that is, 63° C. 

Assuming that there is no air radiator, the inlet air will thus 
have a pressure of 716 millimeters of mercury at the carburetor 
and an absolute temperature of 336°, Under these conditions of . 
pressure and temperature, the weight of a liter of air isi 

(35) a - 1.293 g« g- 0.99 gr. 

The total cylinder capacity of the engine is 22*1 liters; this 
is the geometrical voluns taken in by suction in two revolutions. 
The speed of rotation being 1,600 revolutions, the geometrical vol- 
ume taken in by suction per second is 

22.1 x 1.600 = 295 liters per second. 
2 x 60 

16 

We know that 1 gramme of air corresponds t6 — grammes of 

15 

car curetted mixture. Assuming a filling coefficient of 0.90 j the 
output of exhaust gas per second will be t 

M x 0-90 x 0.99 x 295 = 260 grannies per second. 
15 

We know that the power supplied to the turbine by an output of 
exhaust gas of 1 kilogram per second is 221 horsepower. The net 
efficiency of the turbine being 0.53, it will supply the crankshaft 
with: 

221 x 0.53 x 0.280 = 33 horsepower. 

Steam tests made' on the bench of the Bateau turbine fitted on 
the Benault engine now under consideration, have indicated a power 
on the crankshaft of about 40 horsepower. 



We have already- assumed that, per kilogram of carburet ted gas, 
we should compress 1.034 kg. of air in order- to make good the inev- 
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i table leakages in the manifolds. The centrifugal fan should there- 
fore hare an output of air per second of J 

280 x 1.034 = 290 grammes per second. 

Let us see whether, with 33 horsepower on the crankshaft, we 
really get a carburetor pressure of 716 millimeters of mercury. 
The atmospheric pressure at 5,000 meters being 407 millimeters of mer- 
cury, we shall have, for this rate of compression, 




0.29 



= 1.1775. 



%■ formula (34) we know that the energy in calories required on 
the fan shaft is: 



(36) 



CT 



for 




0.29 



- 1 



Substituting 0.24 for C t 260 for T z , 0.55 for /° and 1.1775 
fpj 0.29 



t we find E = 20.16 calories. 



The horsepower required on the fan shaft for compressing . 290 
grammes of air per second will thus finally be: 

425 



20.15 x 0.290 x 



75 



=» 33 h.p. 



CALCULATION OF THE SECTION OP THE DUFUSER. - We assume that the 
weight of a liter of gas carburetted at 0° and 760 millimeters is the 
sane as for non-carburetted gas under the same conditions of tem- 
perature and pressure, which comes to the same thing as ignoring the 
molecular expansion caused by combustion. 

Tfe know that 16 grammes of carburetted mixture correspond to 15 
grammes of air. Under these conditions, at 0° and 760 mm., the 
weight of a liter of exhaust gas will be: 

a 0 = 1 gr 293 ^ = 1.38 gr. 

The exhaust gas at the nozzle outlet is at an atmospheric pres- 
sure of 407 millimeters of mercury and at a temperature of T z = 840° 
absolute , whence a weight per liter: 

as51 * 38 IS x SI = °- 24 «*• 



The output at the exhaust being 280 grammes per second, we con- 
clude, that the output in liters per second at the outlet of the nozzle 
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will be: 

380 s 1.165 liters per second. 
0.24 

But we have found, that the velocity of the gas at that instant 
is 558 meters per second. The section s of the diffuser must thus 
be, in square centimeters: 

s = 10 * — = 20,8 square centimeters. 
558 

The tests on the Bregust 14 Ag were made with a diffuser having 
a section of 20 square centimeters. 

« 

ENGINE POKER. - The Psnault engine in question gives 340 tup. on the 
ground level at 1,600 revolutifans. Without back pressure at the ex- 
haust valve, we may assome that the power remains proportional to 
the inlet pressure] therefore, in. the conditions of operation stud- 
ied and without back pressure , it would be : 

T « 340 J2£ = 320 h.p. 
760 

i . In reality, there is a fca#k pressure at the eihaust of 760 - 
716 =■ 44 millimeters of Mcvry, that is, 6i06 kg\ U»i squats cent* 
imeter, redoing this power, as we have seen, 'by about 1.2$, waich 
gives a corrected horsepower of 316. 



ADAPTATION - OF A SUPERCHARGED ENG-INE TO AN AIRPLANE. 

Leaving for a moment the question of what manufacturers have 
succeeded in accomplishing up to date, we propose to bring out, in 
the following lines, as definitely and clearly as possible, what 
may be hoped for in the future from stgper chargers. 



THE PROPELLER. - We take an altitude Z for which the propeller will 
be determined; n is the number of revolutions at that altitude. 

The compressor, assumed to be perfect, enables the engine to 
work at altiti£Ls~Z in the same conditions as on the ground level. 
Let T be the motive power developed, equal to that given on the 
ground level at the same speed n. 

The ratio -2- will still be designated by y , V being the 

speed of advance of the airplane and D the diameter of the propel- 
ler* Also, let /9 be the coefficient of power of the propeller 
in the atmospheric conditions of the ground level and S the rela- 
tive density of the air. 



We shall have: 
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(37) T = 6/3t?& 
with 

(38) y. 



V 

hD 




whence, by elimination of first D, then n: 
(39) 

(40) 



As -we indicated in the preceding chapter, we shall consider a 
family of propellers defined by the shape of the blade and differ- 
ing from each other by the ratio of pitch to diameter. For each of 
them the values of the efficiency /O in function of f (Fig. 375, 
p. 820 of original text) have been determined experimentally. The 
envelope of the efficiency curves will defies the points of func- 
tioning to be adopted. 

ffe have seen that with the best propellers having a ratio of 
0*075 to 0.08 between width of blade and diameter, this enveloping 
curve may practically be represented by the equation: 

(41) /0= 0.545 

the speed V being expressed in kilometers per hour. 

Assuming the law of proportionality of /? to 7 along this 
enveloping curve as given in the preceding chapter, we find that 
the jOfficiency attainable for each of these points a™3 the corres- 
ponding diameter of the propeller are expressed as follows; 

(42) />= 0.54 1 



(43) D = 1,04 



This theory shows that the equations relating to the propeller 
are the same as for an ordinary engine having a power T on the 
ground level. £ 




COMPARISON OF AN AIHPLANE WITH COMPRESSOR AND AN ORDINARY AIRPLANE 
OF THE SAME TYPE., - We will now compare two airplanes of the same 
type, one fitted with an ordinary engine and the other having the same 
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engipe with the addition of a supercharging device cringing the en- 
gine to ground level conditions at each altitude of flight considered. 

The propeller of the supercharged engine will be determined 
for each altitude at a constant speed of rotation n, equal to that 
of the propeller of the ordinary engine. The power € of the engine 
on ground level at this speed will be called T. 

Write the general equations of the airplane, introducing a 
coefficient (J. of decrease of power, equal to unity in the case 
of a supercharged engine. We shall have: 

(44) P - 6 KySV 2 ; 

(45) PBV = 75 /Oft*; 

(46) /XT = 6#nD 5 •; 

As can be immediately verified, these equations show that the 
quantities: 

ABE THE SAME FOE THE TWO AIRPLANES WHEN THEY ABE FLYING- AT THE SAME 
ANGLE OF ATTACK. 

Therefore, for the non-supercharged engine, call: 

fX Q , the coefficient of decrease of power for the altitude 
considered. 

P Qt the efficiency of the propeller. 

D 0 , its diameter. 

V 0 , the speed of the airplane. 
/9 0 and Y Q i the values of /& and y . 

For the engine fitted with a compressor the same quantities 
become 1, /O^, v lt v^, and T r The altitude of flight 

corresponding to the angle of attack considered is then character- 
ized by the value <Jj of the relative density of the air. We 
shall therefore have: 

(48) 6 3 4 - //' £A 

7-5 o -y5 
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(51) T L = — Ifi- <°-> 



Mi ^ 

Propellers being always determined for the points of efficiency 
of the envelope of the curve , ^ & and J^M- 

7 5 

are functions of efficiency perfectly determined for all these 
points. 

/0 Z /7 

Knowing the value of =r= — in the case of the ordinary en- 

gine, equation (48) gives the new fcalue suitable for flying at the 
same angle of attack and the same speed of rotation of the propeller 
with the supercharged engine. 

P /? 

From this we deduce the efficiency /r? and ^-g — — 

7i 

The following relations (49, 50 and 51) then determine the alti- 
tude of flight, the diameter of the propeller, and the speed of the 
airplane. 

The problem is thus completely solved by taking as a basis 
the results given by an airplane of the same type fitted with an 
ordinary engine. 

PRACTICAL FORMULAS. - We have seen that, for all the points used 
practically of the envelope of the efficiency curves of the best pro- 
pellers, the efficiency p increases as the fourth root of ~f 
and the coefficient of power- remains practically proportional 
*° ~Y • Consequently, 7 varies as V*, that is, as /O i& 

8 

under these conditions formula (48) becomes: 

(52) p = Gl- 

' I 0.153 

Equation (49) giving the altitude of flight, then becomes: 

(53) ^ = 
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The coefficient of decrease of power is practically equal 

to the relative atmospheric 1 pressure. • 

Taking 6 and (J. as equal to this pressure, we find the ap- 
proximate correspondence: 

(54) ^i=/^o 3 ' 3 
The current barometric law 

(55) Z = 18,400 Log 

then gives the practical relation, sufficient for a first analysis, 
between the altitudes*. 



o 



.3 



(56) Z 2 = 3.3 Z 

On the other hand, with the hypotheses made, --r ■ — varies 

as , therefore ap. • /O . 

Formula (50) indicating the correspondence between the diameters, 
becomes: „ - 

/O * 



755" 



Lastly, the relation (51) between the speeds enables us to write: 
(58) V i= i!lfa4 

As a conclusion we see that, for the airplane fitted with a 
compressor, THE EFFICIENCY OF THE PROPELLER , ITS DIAMETER, AND THERE- 
FORE THE RATIO OF PITCH TO DIAMETER, WILL INCREASE WITH THE ALTITUDE 
OF FLIGHT. On the other hand, the speed V of the reference air- 
plane diminishing much less rapidly than LL , THE SPEED OF THE 
AIRPLANE ALSO INCREASES WITH ALTITUDE, 

Assuming that power can be maintained constant at this altitude, 
we see that THE CEILIHG WILL BE ABOUT 3.3 TIMES THAT OF THE AIRPLANE 
FITTED WITH AN ORDINARY ENGINE, 

Moreover, if we exceed the angle of attack corresponding to 
flight at the ceiling, we know that the speed V c , the efficiency /% 
and the altitude Z 0 will diminish. We should then obtain, for cor- 
responding flight with the compressor, a speed V lf an efficiency ft. 
and an altitude which would also gradually diminish. 

Under these conditions, the maximum speed V, which cannot be ex- 
ceeded, would be obtained for the angle of attack of flight at the 
ceiling. 
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The following Table gives the results which would be furnished 
by a perfect compressor, compared with those furnished by an air- 
plane fitted with an ordinary engine. 



REFERENCE 
AIRPLANE 



AIRPLANE WITH COMPRESSOR* 



ALTITUDE 
Z_ 



VALUE 



0.154 



Z 1 =3.3 Z Q 




meters 






. meters 






1,000 


: 0*89 : 


1.02 


: 3,300 


i 1.06 : 


: 1.14 


1,500 : 


0.83 : 


: 1.03 


: 4,950 


1.10 : 


1.33 


2,000 


0.78 : 


: 1.04 


; 6,600 


1.14 5 


1.33 


2,500 : 


0.74 : 


1.05 


. 8,250 


: 1.18 : 


1.42 


3,000 J 


0.69 : 


; 1.06 : 


9,900 : 


1.22 : 


1.54 


3,500 ! 


0.65 : 


: 1.07 


11,550 : 


1.26 : 


1.65 


4,000 ; 


0.61 : 


: 1.08 : 


. 13,200 : 


1.30 s 


1.77 


4,500 . : 


0.57 : 


; 1.09 1 


' 14,850 . 


1.35 : 


1.91 


5,000 : 


0.53 : 


: 1.10 i 


16,500 . 


1.40 : 


2.08 


5,500 : 


0.50 : 


: 1,11 J 


18,150 : 


1.45 : 


2.23 


6,000 i 


0.47 : 


J 1.12 ! 


■ 19,800 . 


1.50 : 


2.39 


6,500 : 


0,44 : 


: 1.13 « 


21,450 


1.56 : 


2,58 


7,000 : 


■ 0.41 : 


: 1.14 : 


: 23,100 . 


1.62 : 


3.79 



As example , we take a Bre'guet 14 Ar> fitted with a Renault 300 HP 
engine turning at 1,600 revolutions. 

Tests with an ordinary engine gave the following results, the 
ceiling being at 6,000 meters. 



ALTITUDE: £H5ED \ 


; ALTITUDE: 


(SPEED : 

v ° ; 


meters . km/h 


. meters . 


im/h ; 


0 : 180 
1,000 : 177 c 
2,000 J 174 : 
3,000 : 170 : 

m * 
• * 


: 4,000 : 
: 5,000 : 
: 6,000 : 
" (ceiling) : 


163 ; 
155 ; 
140 : 



By calculating as just indicated, the corresponding altitudes 
and speeds for the same airplane fitted with a perfect compressor 
and having the same speed of propeller, we obtain the following 
figures: 
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ALTITUDE 



SPEED: : ALTITUDE: SPEED: : ALTITUDE: SPEED:: ALTITUDE: SPEED 



V, 



meters 
0 

1, 000 
3,000 
3,000 
4,000 
5,000 



km/h 

180 
18? 
193 
200 
210 
220 



meters 

6,000 
7,000 
8,000 
9,000 
10,000 
11,000 



km/h . 

22? : 

236 : 

245 : 

255 = 

265 : 

275 : 



meters . km/h . . meters 



12,000 
13,000 
14,000 
15,000 
16,000 
17,000 



285 
295 
305 
312 
318 
323 



: 18,000 
r 19,000 
: 19,800 
(ceiling) 



327 
331 
334 



The diameter D Q is 2.94 m., and the efficiency is about 0,75 

at Z Q = 3,000 meters. The efficiency- /9 will therefore practically 
he 1.06 x 0.75 = 0.79 at Z^ = 10,000 meters and the propeller should 
hare a diameter = 1*22 x 2.94 = 3,58 m. 



With a propeller of this dimension instead of 2.94 m., the engine 
when near the ground level will turn, at only a low speed on account 
of the drag of the propeller. The power of the engine being propor- 
tional to its speed, the take-off and climb would certainly be diffi- 
cult. On the contrary, above the normal altitude of flight the en- 
gine would race as altitude increases. 



We thus see that the utilization of a propeller, determined for 
horizontal flight at a certain, altitude , may provoke the following 
phenomena: 

a) If the altitude chosen is too high, the airplane may not be 
able to get off the ground, or will do so with difficulty. 

b) If this altitude is low enough to enable the airplane to 
get off the ground easily, the engine will race at high altitudes. 

With a propeller of variable pitch and diameter we could obtain 
a uniform speed of rotation and best efficiency for each altitude. 
If absolutely necessary, we might utilize a propeller of variable 
pitch only, but should lose in efficiency. The tests made up to 
date on such propellers have not been satisfactory, although the me- 
chanical realization of the problem does not seem to be insurmountable* 



CONCLUSIONS. - It is only with a supercharged engine set designed for 
very high altitudes that the speed T 1 reaches interesting values of 
the order of 300 kilometers an hour. If , as in the case of the rateau 
turbo-compressor tested during the war, the ground level pressure is 
not re-established in the carburetor above 5,000 meters, no gain in 
speed is realized above that altitude. The best results obtained 
up to date in the flying tests at Villacoublay are as follows: 



24 - 



ALTITUDE 


: SFBBD * 




WITHOUT 


WITH : 




SUPERCHARGING .: 


TURBO-COMPRESSOR : 




km/tt 


km/h 


3.000 


; 170 


: 192 : 


' 4,000 ' J 


165 : 


: 200 i 


6,000 i 


: 156 . J 


198 : 


6,000 : 


140 : 


180 : 


7,000 : 


r 160 : 



We see that w* axe still far from the re suite which may lie given 
by a perfect turbo-compressor with the best adapted propeller at 5,600 
meters. The maximum speed realised at an altitude of 4,600 meter, 
is "205 kilometers an hour, while the greatest speed obtainable at 
the altitude/is about 215 kilometers an hour. 
5500 motars , 

Before leaving this subject we may remark that the: present day 
aviation engines, constructed during the war, present e> certain se- 
curity in operation because they are almost always utilized at high 
altitude?; this has the effect of reducing mean pressure and, conse- 
quently, the stress on the parte. 

at increasing 

If the torque were maintained constant/' " altitude of flight, 
present day engines would not be strong enough to withstand the 
strain. 



THE MAXIMUM DISTANCE WHICH CAN BE COVERED BY AN AIRPLANE WITH COM- 
PRESSOR. - We will assume thatlthe initial altitude of flight is that 
for which the engine is in the ■ conditions of working on ground level, 
and that the flight is made AT CONSTANT ANGLE 07 ATTACK. 

From what has been established in the preceding chapter (p. 845 
of original text), the efficiency of the propeller, assumed to be 
of invariable sha^e, is constant, as well as the coefficient of power 

J3 , and the »p«dd of adv&*<o£ V is proportional to the number of 
revolutions n. 

Formula (92) or> p. 847 (of original text) established without 
any hypothesis as to the law of variation of power, is still applica- 
ble. 

We may remark that, with respect to the similar ordinary air- 
plane, we may obtain an appreciable gain on the distance covered, 
owing to the fact that the efficiency /O is increased and that the 
specific consumption m must be smaller for an engine operating un- 
der ground level conditions than for one working at a pressure of re- 
duced compression. 
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For an initial altitude of 3,000 meters for an ordinary air- 
plane, the corresponding altitude for the second would be about 
10,000 meters. Assuming a gain of &$> on efficiency and a reduction 
of 13$ in specific consumption, we obtain a gain of 20$ on the 
distance covered . 

There are, as for the ordinary airplane, two methods of making 
the flight. 

1st. If we wish to maintain the CONSTANT SPEED OF ROTATION 
n and, consequently, the speed of advance V, the power must, at 
each instant be reduced in proportion to the total weight. By the 
equation of lift, the altitude will be known at each instant by the 
proportionality of the total weight to the density of the air. 

2nd. If we wish to maintain CONSTANT ALTITUDE, the speed 7 
and the number of resolutions will be reduced as the square root 
of the total weight. As in the first case, the engine torque must 
be reduced in proportion to the weight, which will have the effect 
of lowering the power in the proportion of 3/2 of the weight. 

Formulas (116) and (130) of the preceding chapter (pp. 855 and 
858 of original text), relating to the duration of flight, are ap- 
plied, unity being substituted for the coefficient of decrease of power 
atrthe initial altitude; 

Let us then compare two airplanes, one ordinary, the other with 
compressor, having at the start the seme weight of gasoline in pro- 
portion to the total weight, and assuming the same specific consump- 
tion m and the same weight per horsepower JX . The first air- 
plane begins its flight at a certain altitude where the coefficient 
of decrease of power is (J, ; the other takes the corresponding al- 
titude at the same angle of attack. The duration of its flight is 
equal to that of the first airplane multiplied by the coefficient <U Q . 

ATMOSPHERIC CONSTANTS AT HIGH ALTITUDES. 

If we wish to determine the characteristics of the atmosphere at 
very high altitudes, we most abandon the law of Badau generally ad- 
mitted for the decrease of temperature, this law being insxifficient 
for altitudes above 6,000 or 7,000 meters. 

By numerous soundings, Professor Gamba, Director of the Pavia 
Observatory, has found that up to 11,000 meters the temperature 
practically decreases according to a linear law of altitude. At al- 
titude 2, the absolute temperature is T; according to these re- 
sults, which agree with the most recent observations made in England 
and France, the THERMIC GRADIENT O = dT would be constant up to 

dZ 

11,000 meters and practically equal to 6-5° per kilometer. Moreover, 
this law is, within a very little, that now accepted by English 
specialists. 



- 36 - 



Above 11,000 maters, the observations made lead to the assumption 
of constant Mmperatare, that is, a zero gradient. 

'Admitting these laws, ws find for pressures and densities sim- 
ple analytical f orm6 in function of the altitude which are very con- 
venient for certain computations. 

Let dP he the differential of pressure, dZ the differential of 
altitude , and a, the specific • weight of the air. 

We have: 

(59) - dP = e^dZ 
The law of per^fect gases gives us: 

(60) a = gr 

z EI 

where E = 39.27 for the air. We shall thus have: 

(61) - dP= £5 

P BT 

Let T Q be the absolute temperature on the ground level. The 
gradient?-.* G being assumed constant, we have up to 11,000 m.: 

(63) i = t _ gz 

o 

f rois which, by immediate integration: i- 

(«> ^^Hf 



On the other hand, the ratio of densities is: 

P T a GR " 1 1 - « 

P 0 * T o 



Taking the meter and kilogram as units and assuning a ground 

0065; 

5.255 



level temperature of 15°C: G = 0.0065; T o = 388; E = 39.37; whence: 



(65) . - 

Above 11,000 meters the temperature is assumed to be uniform 
and of a value T^. The pressure at 11,000 being Pj, formula (61) 
gives, by immediate integration: 
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. x p, Z - 11,000 

Taking T-^ = 373 - 57 = 216 and passing to cannon, logarithms, 
we have: 

fao\ t P l t ^1 Z - 11.000 

(68) Log -i = Log ^-i = 14>60 

With a ground level temperatures of 15° C the law of densities 
above 11,000 is: 

(69) !° _L = ^£^=1.33^ 



with 
(?0) 



T, P rt 216 
i. o 



As pointed out "by Mi TouSsaint, it is interesting to compare 
the re'gime of temperatures in the atmosphere with the regime of the 
winds. Studying the results of numerous soundings, M. Ch. Maurain * 
has found that the mean velocity of the wind in clear weather in- 
creases regularly and in an almost linear fashion, from 5 meters 
per second at an altitude of 500 meters, up to 15.6 m/sec. at 11,000 m. 
then decreasing to about 8 m/sec. at 19,000 meters. 

The following Table gives the atmospheric constants up to 20,000 
meters, tabulated according to the foregoing hypotheses. It has 
been drawn up by M. Toussaint and has been proposed by him for the 
Standard Atmosphere. 



* Minutes of the Aeademie des Sciences, July 15th, 1919, 



ATMOSPHERIC 



CONSTANTS AT HIGH ALTITUDES. 



ALTITUDE 
Z 


: TEMPERATURE 
: t 


: PRESSURE 
: H 


: of litftr 

; of air 

: % 


: fU = 






; a o 


meters 


* degrees C 


: mm of 


; gTSDHIl© s 










.mercury 






0 


- 15 


: 760 


. 1,225 


1 : 


: 1 


1,000 


: 9 


: 673 


: 1,112 


: 0.886 ! 


i 0,906 


2,000 


: 2 


: 596 


: 1.008 


: 0.784 


: 0.833 


3,000 


: - 5 


: 526 


. 0.907 


: 0.692 


0.740 


4,000 


: - 11 


r 462 


: 0.820 


: 0.608 


: 0.665 
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